We present the investigation on the modifications of structural and magnetic properties of MnAs thin film epitaxially grown on GaAs induced by slow highly charged ions bombardment under wellcontrolled conditions. The ion-induced defects facilitate the nucleation of one phase with respect to the other in the first-order magneto-structural MnAs transition with a consequent suppression of thermal hysteresis without any significant perturbation on the other structural and magnetic properties. In particular, the irradiated film keeps the giant magnetocaloric effect at room temperature opening new perspective on magnetic refrigeration technology for everyday use.
thermal hysteresis ∆T hys , which makes GMCE materials difficult to handle in applications for real refrigerators that work cyclically. Much effort has been made for reducing this hysteresis. In the past years, this reduction has been obtained by doping bulk manganese arsenide (MnAs) [5] [6] [7] , where a suppression of the thermal hysteresis has been reached but only for low intensity magnetic field [6, 7] (H = 0.01 T).
Another interesting way to change the magnetic properties of thin films is the bombardment and implantation of ions. Nevertheless, up to present, only monocharged ions have been used to irradiate materials exhibiting a second-order transition exclusively. [12] [13] [14] [15] [16] [17] [18] Here, we investigate the modifications of MnAs thin film epitaxially grown on a GaAs substrate submitted to the bombardment of highly charged ions. MnAs is one of the more promising GMCE materials. It exhibits a large change of magnetic entropy (typically [3, 19] ∆S(T = cst) ≈ −30 J Kg −1 K −1 for a field change ∆H = 2 T) in proximity of its transition close to room temperature (T C = 313 K) corresponding to a large refrigeration power (that depends on the ∆S integral over a temperature interval) up to 200 J Kg −1 . This ferromagnetic-non-ferromagnetic transition is associated with the magnetostructural phase transition from hexagonal (α-phase, NiAs-type) to orthorhombic (β-phase, MnP-type). Compared to bulk materials, in MnAs thin films the strain of the substrate disturbs the phase transition that leads to the α − β phase coexistence. This is characterized by a self-organization with longitudinal alternating regions over a large range of temperatures (290-320 K), generating a consequent modification of the magnetic properties of the film. [20] In particular, the phase coexistence reduces the maximum value of ∆S(T) but keeps the same refrigeration power. Indeed the ∆S per mole of material portion passing from one phase to another is still very high, which characterizes the giant MCE materials. MFM images of the bombarded samples show that the stripe-type structure is more and more distorted, but not suppressed. The Fourier transform of the irradiated sample with 1.5 × 10 13 ions/cm 2 presents indeed maxima at the same position than for the non-irradiated sample, with simply a larger dispersion, due to the random defects produced by ion impact on the regular pattern. Quantitatively, an increase of the full width at half maximum from 0.31 ± 0.01 µm −1 to 0.83 ± 0.08 µm −1 is measured. We recall that the main periodicity λ is intrinsically related to the structural difference between the α-and β-phases, [21] and no extra phase of MnAs has to be invoked. [26] The observed increasing fragmentation of the α − β regions and the absence of modification in the λ periodicity confirm the interpretation made above for the XRD data. For Φ > 1.5 × 10 13 ions/cm 2 , magnetic imaging becomes impossible due to the low out-of-plane magnetic field (stripes disappearance).
Even if the structural properties are not strongly modified by the ion bombardment, the presence of additional seeding defects might perturb the phase transition and then modify the transition temperature, the thermal hysteresis and the giant magnetocaloric properties. The presence of the ion-induced defects produces additional pinning on the mobility of the magnetic domains, visible by the presence of "wings" on the magnetic cycle. In contrast, the nucleation of the magnetic domains is unchanged. The temperature dependency of the associated coercivity field (inset in Fig. 4) shows the characteristic peak on the α − β coexisting zone. [28] A small reduction of its maximum value is noticeable for the bombarded sample, from 250 Oe to 150-200 Oe, but a constant value of about 30 Oe is found below ∼ 300 K, independently on the ion fluence.
The samples magnetization dependency on the temperature, with a fixed H applied, is obtained with a SQUID magnetometer (Quantum Design MPMS-XL). The measurement procedure is the following: i) each sample is initially brought to 350 K with H = 0; ii) the sample is cooled down to 100 K and then a magnetic field H = 1 T is applied; iii) the magnetic moment is recorded continuously during the temperature variation from 100 to 350 K, In the inset, the magnetization relative to saturation close to the transition region is shown.
and then back to 100 K, with a sweep rate of ±2 K/min. The results are presented in After the observation of the suppression of ∆T hys , it is interesting to check wether the Summarizing the different observations, we can conclude that the main effect of the highly charged ion bombardment on MnAs thin films is the disappearance of the thermal hysteresis occurring in the magneto-structural phase transition. The defects induced by the ion collision facilitate the nucleation of one phase with respect to the other during the transition, with a consequent suppression of ∆T hys , but without any change on the nucleation of the magnetic domains and only a small perturbation of their mobility. In fact, contrary to the magnetic hysteresis, the other structural and magnetic properties of the film, are only slightly affected by the ion bombardment. In particular, the large refrigeration power of MnAs related to GMCE is preserved. This finding opens new perspectives on magnetic refrigeration considering even bulk materials if dealing with defects that can be induced by highly charged ions at higher velocity taking advantage of their ballistic properties. [30] We would like to thank P. Atkinson, M. Barturen, M. Chatelet, R. Gohier, J. Mérot, D. Mosca and L. Thevenard for the fruitful discussion and support. This experiment is supported by a grant from "Agence Nationale pour la Recherche (ANR)" number ANR-06-BLAN-0223 and from Helmholtz Alliance HA216/EMMI.
